Repeated subculturing caused rapid changes in the spore surface properties and virulence of Metarhizium anisopliae. Of the two strains evaluated, M. anisopliae V245 attenuated more rapidly than V275. Electrophoretic mobility and Radial Flow Chamber assays were used for the first time to generate qualitative and quantitative information on the adhesive forces of M. anisopliae conidia. Independent of strain, adhesion, hydrophobicity and spore-bound Pr1 declined after the first subculture; however, spore surface charge decline was erratic. Adhesion and hydrophobicity stabilized after the third subculture, whereas spore-bound Pr1 continues to decline following repeated subculturing. Decline in spore bound Pr1 was directly correlated with decline in virulence, however, such correlation with adhesion, hydrophobicity or surface charge could not be established. Because spore-bound Pr1 activities were directly correlated with M. anisopliae virulence; it could be used as a quality-control marker to monitor changes in virulence.
Introduction
Entomogenous fungi often become attenuated when successively subcultured on artificial media but virulence is restored when the pathogen passes through a suitable insect host (Butt & Goettel, 2000; Butt et al., 2006) . Little progress has been made in elucidating the underlying mechanisms of attenuation in spite of its impact on fungal efficacy and, subsequently, the commercial viability of the biological control agent. One of the key attributes of virulent strains is good adhesion of conidia to the surface of the host cuticle; this makes mortality dose-related (Butt, 2002) . The more conidia that adhere, the faster the fungus will kill its host; thus poor adhesion is considered as a feature of hypovirulent strains (Altre et al., 1999; Inglis et al., 2001) . Indeed the adhesion of fungal spores is viewed as essential for efficient biological control of insect pest species (SosaGomez et al., 1997) . There are two phases in the adhesion process; the first phase is mediated by preformed physiochemical properties of conidia e.g. hydrophobic and electrostatic forces (Boucias et al., 1988) . The second phase involves secretion of enzymes and mucilage to consolidate attachment and establish the infection court (Butt et al., 2006) . The initial phase is of paramount importance because spores may have to remain attached for significant lengths of time; that is, until environmental conditions (e.g. humidity) are conducive for implementation of the second phase of attachment and ultimately penetration of the host cuticle.
Very few studies have investigated the significance of the initial attachment mechanisms to overall pathogenesis (i.e. virulence and specificity), partly because of limited procedures to quantify the forces involved. However, recently there has been considerable progress in the use of Radial Flow Chamber Assays (RFCA), which provide a semiquantitative measurement of bacterial adhesion (Tegoulia & Cooper, 2002) , as well as the exploitation of electrophoretic mobility techniques and hydrophobicity assays to quantify surface charge and hydrophobicity of various microorganisms (Giradin et al., 1999; Dunlap et al., 2005; Holder & Keyhani, 2005) . Most of these studies focused on spherical cells (2-4 mm diameter) and not rod-shaped cells such as the conidia of the entomopathogenic fungus Metarhizium anisopliae. Because shape and size of cells could influence surface properties and adhesion, the present study uses these techniques for the first time to quantify adhesion of M. anisopliae and explain the contribution of hydrophobic and electrostatic forces to this process.
In addition to the above forces, M. anisopliae conidia are also known to possess cell-wall-bound enzymes such as Pr1, a cuticle-degrading protease, which is also a virulence determinant (Shah et al., 2005) . Whether spore-bound enzymes influence adhesion has not been investigated, however, studies of the pregerminated conidia on the western flower thrips (Frankliniella occidentalis) cuticle reveal modifications of the epicuticle, suggesting a potential link between these enzymes and spore attachment (Vestergaard et al., 1995) . Because surface charges and spore-bound enzymes are preformed, it is tempting to speculate that cultural conditions during spore production may influence these attributes and subsequently virulence. The main objective of this study is to understand the influence of repeated subculturing on the spore surface properties and virulence of M. anisopliae conidia.
Materials and methods

Fungi
Metarhizium anisopliae strains V245 (isolated from soil, Finland) and V275 (isolated from Cydia pomonella, Lepidoptera, Austria) were obtained from University of Wales, Swansea, UK, culture collection. In order to equilibrate virulence, both strains were passaged through Galleria melonella larvae to restore virulence and reisolated on oatmeal dodine agar (ODA) medium. Single spore colonies were then transferred to Sabouraud dextrose agar (SDA) and incubated at 25 1C for 14 days. These cultures represented the first subculture. Successive subculturing was then carried out by taking inoculum from the first subculture to produce the second one and the third subculture from the second one and so on. Each subculture was grown on SDA for 14 days at 25 1C. After 14 days of incubation, each subculture was stored at 4 1C until the ninth subculture had been produced. After the production of the ninth subculture, all the subcultures including the ODA culture were grown on SDA. This procedure allowed the simultaneous generation of 10 subcultures under similar growth conditions. Conidia were then harvested by scraping with a spatula 14 days post inoculation from the plates representing the first, third, fifth, seventh and ninth subcultures and used in the studies outlined below.
Determining virulence of inoculum from different subcultures
Conidia were assayed for virulence against fouth to fifth instar larvae of the mealworm, Tenebrio molitor. Larvae were immersed in 10 mL conidial (1 Â 10 7 conidia mL À1 ) suspen- Optimization of radial flow chamber (RFC) assays for M. anisopliae adhesion
Conidial attachment studies were carried out in a RFC as described by Tegoulia & Cooper (2002) but optimized for the rod-shaped conidia of M. anisopliae conidia by evaluating the influence of flow rate on adhesion. A flow rate of 0.2 L min À1 provided consistent and reproducible data, and was therefore selected for further studies. In order to simulate the surface of insect cuticle, the RFC glass plate was coated with cuticular lipid extracts from the mealworm larvae. These lipids were extracted as described by Sosa-Gomez et al. (1997) . Briefly, the mealworm cuticle was flushed with hexane (Sigma) at room temperature for 5 min. The hexane extract was then concentrated under a stream of nitrogen. The paste-like lipid extract was then resuspended in hexane at a concentration of 10 mg mL À1 and stored at À 20 1C until required. The glass surface was coated using the Langmuir-Blodgett Film technique (Wang et al., 1994) . One milliliter of lipid extract was applied at the surface of water in a tank. The glass surface was already embedded in this system, at an angle of 451. The glass surface was then slowly removed from the water, resulting in complete and uniform deposition of a lipid layer onto the glass surface.
Quantification of M. anisopliae adhesion using optimized RFC assays
Conidia of M. anisopliae, obtained from different subcultures, were suspended in 0.03% aq. Tween 80 to the final concentration of 1 Â 10 9 conidia mL À1 . The reservoir of the RFC contained 95 mL of deionized water. Conidial suspension (5 mL) of a single subculture was introduced into the reservoir. The suspension was allowed to run at a flow rate of 200 mL min À1 into RFC for 15 min before adhesion observations. These conditions were kept constant for all the experiments. Measurements were made at a position 15 mm from the point of injection, which was exposed to a shear of 1.33 N m À2 as calculated from equation 1 (Fowler & McKay, 1980) . Where t w is the shear stress (N m À2 ), m is the fluid viscosity (N s m À2 ), h is the height of gap between parallel plates (m), Q is the volumetric flow rate (kg m À3 )
and r is the radial distance relative to point of injection (m).
Measurement of f potential
The z potential is the charge located at the outermost layer of the electrical double layer that surrounds all surfaces within an aqueous environment and as such it is directly related to the surface charge of the surface and the surface chemistry that controls that charge. In addition, z potential measurement aides analysis of adhesion measurements from the RFC assay. Thus, the z potential of the conidia was measured. Conidia from different subcultures were suspended in distilled water to the final concentration of 1 Â 10 7 conidia mL À1 and the electrophoretic mobility was determined using a Malvern Zetasizer 2000/3000 (Malvern Instruments, UK). Because pH and ionic strength of solution can influence surface charge, distilled water was used to suspend conidia to determine conidial surface charge under a single-defined condition i.e. at neutral pH 7. The mean of 10 measurements was then used to calculate the z potential (Smouluchowski, 1918) . Distilled water was used as the reference sample and the system was thoroughly flushed with deionized water after each reading.
Surface hydrophobicity measurements
Conidial surface hydrophobicity was assessed using aqueous-solvent partitioning assays, which determine the ratio of cells distributed between the aqueous and organic phases (Giradin et al., 1999) . The organic phase used was nhexadecane (Sigma). Metarhizium anisopliae conidia from the different subcultures were suspended in 0.1 M KNO 3 solution to a final concentration of 1 Â 10 7 conidia mL À1 .
Addition of 0.1 M KNO 3 neutralized the surface charge, thereby excluding its influence on conidial distribution in either the aqueous or organic phase. The OD of the spore suspension was determined at 660 nm using a lightwave, UV/VIS diode-array Spectrophotometer (WPA, UK). This was referred to as the 'total density' (OD total ). The spore suspension (6 mL) was transferred to a universal bottle containing 2 mL of hexadecane, agitated for 20 s, then poured into a separation funnel. The suspension was held for 30 min to allow for phase separation after which the aqueous phase was collected and the OD 660 nm recorded.
Relative hydrophobicity was then determined as follows:
where the OD (total) and the OD (aq) represent the values of the start sample and resultant aqueous phase, respectively.
Determination of spore bound Pr1
Influence of repeated subculturing on the spore-bound Pr1 activity was determined as described elsewhere (St. Leger et al., 1991; Shah et al., 2005) . Briefly, 10 mg of conidia were washed once in 0.3% aq. Tween and twice in distilled water and then incubated in 1 mL of 0.1 M Tris-HCl (pH 7.95) containing 1 mM Succinyl-Ala-ala-Pro-Phe-p-nitroanilide (Sigma) for 5 min at room temperature. After incubation the conidia were pelleted by centrifugation at 12 000 g (in Sanyo, Harrier 18/80 centrifuge) for 5 min. The supernatant (200 mL) was transferred to each well of a microtitre plate (Dynatec) and the absorbency measured using a Lab System spectrophotometer at 405 nm. Buffered substrate was used as control.
Statistical analysis
The whole study was repeated twice with each treatment replicated three times unless otherwise stated. Data were subjected to one-way ANOVA followed by a post hoc Tukey's test for determining significant differences. Correlation between spore-bound Pr1 and virulence was determined using Pearson's Correlation. SPSS 11 software was used for all statistical analysis.
Results
Effect of repeated subculturing on the virulence of M. anisopliae
Although the virulence of V245 and V275 subcultures fluctuated, the net result was a decline in virulence with successive subculturing (Table 1) . For V245, the most virulent inoculum was recovered from the first and third subcultures, which had LT 50 values of 4.79 and 4.63 days post inoculation (dpi), respectively, whereas the least virulent inoculum was from the ninth subculture with an LT 50 value of 5.57 dpi. Similarly, the first and third subcultures of V275 were significantly more virulent than those of the subcultures five to nine. The decline in virulence was more pronounced for V245 for than V275 (Table 1) .
Effect of subculturing on the adhesion of M. anisopliae
The adhesion profiles of V245 and V275 conidia varied significantly between subcultures on both steel and lipidcoated surfaces (Figs 1 and 2) . However, more conidia from the first subculture, independent of the strain, adhered to the stainless steel surface than subsequent subcultures (Figs  1 and 2 ). There was an overall decrease in conidial attachment at a stainless steel surface to 12.5% and 22% of the adhesion measured for the first culture for V275 and V245, respectively (Figs 1 and 2) . Adhesion of conidia of V245 from the third, fifth, seventh and ninth subcultures was erratic but the overall trend was a decline in adhesion. Of these, conidia from the seventh subculture were the most adhesive while there were no statistical differences in adhesiveness of conidia from the third, fifth and ninth subcultures (Fig. 1 ).
V245 conidia from only the first, fifth and seventh subcultures adhered to the cuticle-lipid-coated glass surface (Fig. 1) . Adhesion of V275 conidia decreased with successive subcultures. Significantly higher adhesion was observed in the first subculture on both steel and lipid coated glass surface (Fig. 2) . On the steel surface, no major differences in adhesion were observed for conidia from the third, seventh and ninth subcultures. These subcultures had intermediate adhesion on steel surface. Conidia from the fifth subculture were least adhesive on steel surface. Conidia from only the first and third subcultures adhered to the lipid coated glass surface (Fig. 2) .
Effect of subculturing on the f potential of the M. anisopliae conidia For both strains the z potential for the first subculture was significantly different from the values measured for the subsequent subcultures (Table 1) . Conidia of V245, from the first subculture had the least z potential ( À 27.92), this varied significantly with all other treatments ( Table 1) . The conidia of the third, fifth and seventh subculture varied nonsignificantly with each other and had intermediate z potentials (Table 1) . Conidia from the ninth subculture had the highest z potential ( À 42.42), which varied significantly with all other treatments ( Table 1) . The z potential of conidia of V275 from different subcultures was erratic but varied significantly among the different subcultures. Conidia from the first, fifth and ninth subcultures had the least z potential (Table 1) . Conidia from the seventh subculture had the highest z potential that varied significantly with all other treatments whereas those from the third and fifth subcultures had an intermediate z potential, which varied nonsignificantly (Table 1) .
Effect of subculturing on the hydrophobicity of the M. anisopliae conidia Relative hydrophobicity also varied significantly among the conidia from different subcultures (Table 1) . For both strains, conidia from the first subculture had the highest relative hydrophobicity (Table 1) . No significant difference in spore hydrophobicity was observed for the third to ninth subcultures of V275 (Table 1) . In contrast, relative hydrophobicity fluctuated among subcultures with conidia from the third subculture of V245 being least hydrophobic and those from the fifth to ninth subcultures exhibiting intermediate hydrophobicity (Table 1) .
Effect of repeated subculturing on the sporebound Pr1
Virulence of both strains was significantly correlated (Pearson's correlation, SPSS 11) with spore-bound Pr1. Significantly higher spore-bound Pr1 was observed in the first and third subcultures and then subsequently declined for both V245 and V275 (Table 1) . No significant difference in sporebound Pr1 was observed for the conidia from the fifth to ninth subculture of V275. For V245, the least spore bound Pr1 activity was observed in conidia from the fifth and seventh subcultures and intermediate activity for conidia from the ninth subculture.
Discussion
This study shows that successive subculturing of M. anisopliae on nutrient-rich media results in rapid changes in the surface properties of conidia corresponding with a decline in virulence. The pattern of change appears to be strain dependent. Most pronounced was the rapid decline in hydrophobicity, spore-bound Pr1 and adhesion to stainless steel surfaces. Earlier studies suggest that hydrophobic forces are responsible for the passive, nonspecific adhesion of M. anisopliae spores to insect cuticle (Boucias & Penland, 1991) . This study shows an initial decline in hydrophobicity, adhesion and a change in z potential; however, such correlation was erratic with later subcultures suggesting other factors such as surface carbohydrates and specific interactions may be involved in adhesion. Recent studies with M. anisopliae and other insect pathogenic fungus Beauveria bassiana spores also indicated that surface carbohydrates are involved in mediating adhesion of aerial conidia (Ibrahim et al., 2002; Holder & Keyhani, 2005) .
This study clearly indicates that spore-bound Pr1 independent of hydrophobicity and surface charge can account for virulence. However, its role in initial adhesion remains unclear. Pr1 can hydrolyze a range of substrates including short-chain fatty acids (Segers et al., 1995) , which suggests that the spore-bound Pr1 may help in consolidating initial adhesion by modifying the cuticle surface and allowing for more cross-links to form as well as providing nutrients for conidial germination. Recent studies also showed high levels of transcripts of Pr1 and other enzymes including esterases in virulent conidia (Shah et al., 2005; Small & Bidochka, 2005) , thereby enabling the rapid secretion of cuticledegrading enzymes and the development of the infection court. Indeed, levels of spore surface antigens have been correlated with host specificity and virulence (Boucias & Penland, 1991; Rath et al., 1996) . Both the Pr1 and hydrophobin genes in M. anisopliae are induced under starvation stress (St. Leger et al., 1992; Butt et al., 1998) , presumably they are repressed when the fungus is successively subcultured on nutrient rich-media. Decline in spore-bound Pr1 after repeated subculturing corroborates the authors' earlier findings (Shah et al., 2005) , where it was reported that nutritional conditions during spore production influence spore-bound Pr1.
Compared with the steel surface, significantly lower adhesion to lipid-coated glass surfaces suggests that surface roughness and chemistry also play an important role in adhesion. These findings are in line with earlier reports where surface topography and chemistry influenced conidial adhesion and/or removal after attachment (Zacharuk, 1970; Sosa-Gomez et al., 1997; Holder & Keyhani, 2005) . The cuticular lipids used in this study did not improve adhesion, suggesting that initial adhesion was mediated by nonspecific forces such as electrostatic and hydrophobic forces and those specific interactions may not be important during the initial attachment phase. However, the molecules and their structures responsible for specific interactions may not have been preserved in the lipid-deposited onto the glass surface in the RFC assay. Low adhesion to lipid-coated surfaces may also be attributed to the presence of fungistatic compounds or cuticular fatty amides e.g. stearamides (Lord & Howard, 2004) . Indeed, an earlier study reported that conidia of M. anisopliae will adhere to the surface of beetle elytra soon after inoculation but the number of spores adhering will decline over time due to fungistasis . These authors also noted that adhesion improved when the insects were killed and the labile fungistatic compounds disappeared.
The z potential value can be used, with reference to a z potential of a potential adhesion substrate, to provide insight as to the magnitude of the repulsion or attraction between particles and surfaces as controlled by electrostatic forces. Differences in z potential are also indicative of changes in surface charge and arguably surface chemistry. The z potential of the initial culture was different from that of the following subcultures, which suggests a change in surface chemistry as the fungus was repeatedly grown on nutrient rich media. The greater adhesion to the stainless steel surface suggests that specific forces do not play a role in initial adhesion events; on the other hand, the poor correlation between z potential measurements and adhesion suggests that other interactions such as hydrophobicity and specific interactions are important. The greatest adhesion was measured for both strains when z potential was the least negative; thus there would have been less repulsion with the negatively charged stainless steel surface. A recent study suggested that spore surface charge could influence the performance of spore formulations by interacting with formulation adjuvant (Dunlap et al., 2005) . Therefore, quantification of surface charge and an understanding of the factors influencing surface charge could prove very useful in designing or selecting formulations to improve adhesion.
Attenuation of virulence is well documented but very little is known about the underlying mechanisms of attenuation. The present study clearly shows that repeated subculturing causes attenuation of virulence but alters several factors responsible for M. anisopliae pathogenicity, more specifically spore surface properties and spore-bound Pr1 activity. Because spore-bound Pr1 activities were directly correlated with M. anisopliae virulence, it could be used as a quality-control marker to monitor changes in virulence. In addition, it was also demonstrated that the RFC assay can be used to assess adhesion of M. anisopliae and hence monitor changes of this important virulence indicator.
